We have developed a method of measuring magnetization process in a ferromagnetic ring by analyzing a characteristic response of a semiconductor two-dimensional electron gas ͑2DEG͒ lying beneath the ring. A 2DEG microcross structure is formed underneath a ferromagnetic ring to detect the position of paired domain walls of the onion state. The variation of the bend resistance due to the rotation of the paired domain walls is quantitatively reproduced by a semiclassical billiard model. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2177358͔
A novel method of observing magnetic states opens an avenue for progress in the study of ferromagnetic nanoscale structures. There are many conventional techniques for the magnetic measurements, which enable us to explore the world of nanomagnet, e.g., magnetic force microscope, magneto-optical Kerr effect, and anisotropic magnetoresistance measurement. It is important to develop other experimental tool which reveals a different feature of the nanomagnet.
A microcross structure of ferromagnet/semiconductor two-dimensional electron gas ͑2DEG͒ system, on which a mesoscopic ferromagnet is deposited, detects a change in the magnetic state from its resistance.
1,2 Stray field from the ferromagnet acting on the 2DEG plane is large enough to cause a change in the resistance since the 2DEG plane is lying close to the surface.
In the present letter, we focus on a ferromagnetic ring structure. Several works on the magnetization process in the magnetic ring measured by a ferromagnet/2DEG hybrid structure have been reported. [3] [4] [5] They measure a Hall resistance since a 2DEG shows a large signal. Unlike previous studies, we here employ the bend resistance measurement 6, 7 originated from the ballistic nature of 2DEG for the detection.
A microcross was fabricated from a GaAs/ AlGaAs single-heterojunction wafer. The density and mobility of the 2DEG before processing were 3.1ϫ 10 15 m −2 and 67 m 2 / V s, respectively. The depth of the 2DEG plane from the surface is 65 nm. The cross structure 1.8 m in width was fabricated by means of ion plasma etching. A scanning electron microscopy ͑SEM͒ picture of the sample is shown in Fig. 1 . The physical width of the 2DEG channel is somewhat smaller due to depletion along the edges of the cross and is empirically about 1.5 m. The electron mean-free path of the 2DEG is 6.1 m at 1.3 K, which is larger than the size of the cross so that electron propagates inside it without suffering any kind of scattering. A permalloy ͑Py͒ ring with thickness of 30 nm, linewidth of 100 nm and diameter of 1.0 m is placed on top of the cross. Four-terminal resistance measurements were carried out using a low-frequency ac technique at 1.3 K. We were able to align the external magnetic field in the plane of the 2DEG and control the azimuthal angle ͑as defined in Fig. 1͒ of the in-plane magnetic field.
It is well known that a ring structure has two stable states, closure and onion states. [8] [9] [10] [11] The two states are illustrated in Fig. 1 . The closure state does not generate a stray field, whereas the later onion state generates two spotlike localized fields with opposite sign beneath a head to head ͑H-H͒ and a tail to tail ͑T-T͒ domain wall. We can estimate the amplitude of the stray field acting on the 2DEG cross by a simple magnetostatic calculation. Magnetization pattern calculated by OOMMF simulator 12 yields the pattern of the stray field normal to the plane of the 2DEG ͑see Fig. 2͒ . The amplitude of the field at peak position is about 60 mT.
First, we measured Hall resistance as a function of the in-plane magnetic field. We precisely aligned the magnetic field in the 2DEG plane so that the change in the Hall resistance originates only from a stray magnetic field from the Py ring. As shown in Fig. 3͑a͒ , the Hall resistance stays at the same value even if the magnetization pattern in the Py ring changes between the onion state and the closure state. The result is consistent with the fact that the averaged stray field from the onion state is zero. The Hall resistance reflects the a͒ Electronic mail: mhara@riken.jp averaged value of an inhomogeneous magnetic field inside the cross and is not sensitive to the spatial variation of the field. We cannot distinguish the onion state from the closure state by the Hall measurement. In earlier works, 3-5 position of a ring structure was therefore shifted from the center of the cross in order to avoid the self-compensation of the Hall signal.
Corresponding measurements in "the bend resistance" clearly exhibits magnetization processes in the ring structure. The bend resistance measured in such kind of current and voltage configurations in Fig. 3͑b͒ becomes negative in the absence of magnetic field at low temperatures. 13 This is due to a ballistic motion of electron in a clean 2DEG. In a ballistic conductor, the relation between current and voltage depends on the transmission probability between the probes, which is described by Landauer-Bütikker formula.
14 In this case, the spotlike fields from the ferromagnetic ring in the onion state deflect a straight motion of electron and change transmission probabilities. The bend resistance is sensitive to the spatial variation and thus it is possible to detect magnetization process of the Py ring.
We also measured bend resistance behavior for different azimuthal angles . For = 45°, a change in the bend resistance is clearly observed as in Fig. 4͑a͒ . However, for = −45°, the bend resistance stays at the same value before and after reversal of the in-plane magnetic field. In the other measurement configuration, as in the inset of Fig. 4͑b͒ , the bend resistance ͑R 12,43 ͒ for =−45
‫ؠ‬ varies similar to R 14,23 for = 45°. This implies that the bend resistance depends on the tilting angle of the paired domain walls in the onion state.
In order to understand the behavior of the bend resistance, we made a simple simulation based on the semiclassical billiard model. 15 Electrons are injected from each probe like a billiard ball with an angular distribution P͑␣͒ = cos ␣ / 2. Classical trajectories of electrons are modified by a local stray field from the Py ring. The field profile in the 2DEG plane is estimated by the OOMMF simulator. We then calculated transmission probabilities by counting number of the transmitted electrons into each probe. The total number of the injected electrons in the simulation is about 10 000.
A general four-terminal resistance R mn,kl is described in terms of transmission coefficients as
where D is a factor consisting of the transmission coefficients T ij independent of the indices m , n , k , l. In the simulation, we assume that the 2DEG cross has square corners and H-H and T-T domain walls are separated by 180°each other. The calculated transmission probabilities are translated into four-terminal resistance by using Eq. ͑1͒. In take the same value. This coincides well with the bend resistance in Fig. 4 . The bend resistance in the absence of magnetic field ͑closure state͒ R B ͑0͒ and the change in the bend resistance ⌬R B between = 90°and = −90°areϳ−28 ⍀ and ϳ6.2 ⍀, respectively. Remarkably, this simple simulation well reproduces the experimental results.
In summary, we have fabricated a hybrid structure consisting of a 2DEG cross structure and a ferromagnetic ring. We can detect the magnetization process by measuring not a Hall resistance but a bend resistance of the 2DEG cross. The bend resistance loops significantly varies with tilting the inplane magnetic field. The measurement of bend resistance gives us information about a spatial variation of a magnetic field inside the junction. Therefore, for the nanoscale magnetic ring, we can determine the domain-wall position of the onion state by analyzing the bend resistances measured in two current-voltage configurations ͑e.g., R 14, 23 and R 12, 43 ͒. This method is also useful for measuring domain wall dynamics in the nanomagnet.
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